GroEL is an allosteric protein that facilitates protein folding in an ATP-dependent manner. Herein, the relationship between cooperative ATP binding by GroEL and the kinetics of GroE-assisted folding of two substrates with different GroES dependence, mouse dihydrofolate reductase (mDHFR) and mitochondrial malate dehydrogenase, is examined by using cooperativity mutants of GroEL. Strong intra-ring positive cooperativity in ATP binding by GroEL decreases the rate of GroEL-assisted mDHFR folding owing to a slow rate of the ATP-induced transition from the protein-acceptor state to the protein-release state. Inter-ring negative cooperativity in ATP binding by GroEL is found to affect the kinetic partitioning of mDHFR, but not of mitochondrial malate dehydrogenase, between folding in solution and folding in the cavity underneath GroES. Our results show that protein folding by this ''two-stroke motor'' is coupled to cooperative ATP binding.
stopped-flow apparatus. Refolding of mDHFR was initiated by rapid mixing of 1 volume of 6.25 M protein, denatured in buffer C containing 50 mM Tris⅐HCl, 10 mM MgCl 2 , 10 mM KCl, 25 mM ATP, 1 mM DTT, and 4 M urea (pH 7.5) for 90 min at 25°C, with 24 volumes of the same buffer (without ATP and urea) containing wild-type or mutant GroEL, dihydrofolic acid, ␤-NADPH, and GroES (when appropriate). Mitochondrial MDH (6.25 M) was denatured in buffer C containing 75 mM HCl for 90 min at 25°C and refolded by rapid mixing with 24 volumes of buffer C (without ATP and urea) containing wildtype or mutant GroEL, oxaloacetate, ␤-NADH, and GroES (when appropriate). The final concentrations of GroEL (oligomer), mDHFR, and MDH were 250 nM, and the final concentration of GroES (oligomer) was 250 or 500 nM. The final concentrations of dihydrofolic acid and ␤-NADPH were both 100 M in the mDHFR assay, and those of ␤-NADH and oxaloacetate were both 300 M in the MDH assay. The regain of activity of both enzymes was monitored at 25°C by following the change in absorbance at 340 nm by using a 1-cm path length and entrance as well as exit slit widths set to 7 nm. Kinetic traces were collected by using a linear time base with 1,000 sampling points and a time constant filter of 2 ms. Three to five independent traces were acquired for each experiment under exactly the same conditions and then averaged. were determined as before (11) . Rates of mDHFR folding (k f ) were obtained by fitting data of the change in absorbance (A) at 340 nm as a function of time, in the presence or absence of the various GroEL mutants and GroES, to the following equation (26) :
where P(t) is the concentration of the product at time t, k cat is the catalytic rate constant, and E T is the total enzyme concentration. This equation was derived by assuming an irreversible two-state folding transition for mDHFR and that dihydrofolate and ␤-NADPH interact only with fully folded mDHFR. In the case of mitochondrial MDH, the scheme was extended to include also a bimolecular dimerization step of the folded monomer (27) . An analytical solution for such a scheme reduces to Eq. 1 if one assumes that the concentration of the folded monomer is at a steady state. Rates of mitochondrial MDH folding were obtained by fitting refolding traces of mitochondrial MDH, in the absence or presence of the various GroEL mutants, to Eq. 1. In the presence of both GroEL and GroES, refolding traces of mitochondrial MDH were fitted to the following equation derived by assuming that monomer folding and the subsequent dimerization step are kinetically uncoupled:
where a ϭ k cat k d E T 2 , E T is the total enzyme (dimer) concentration, and k d is the dimerization rate constant.
Results and Discussion
Effect of Intra-Ring Positive Cooperativity on the Rate of Refolding.
Values of the Hill coefficients for ATP binding, with respect to ATP, and of the rate constants for the TT 3 TR allosteric transition were recently measured for a series of GroEL mutants (23) . In our study, the ability of these GroEL mutants to facilitate the folding of mDHFR was tested. Urea-denatured mDHFR was rapidly mixed with each of these GroEL mutants and ATP. Refolding was monitored by following the regain of enzyme activity. Values of refolding rates measured in this manner were found to be similar to the value determined by measuring binding of NADP ϩ to mDHFR released from GroEL by using fluorescence quenching (28) . These rates correspond to a singleexponential process of folding of a nonnative late-folding intermediate of mDHFR (29) .
An excellent linear correlation with a negative slope is observed between the rate constants of GroEL-mediated mDHFR refolding and values of the Hill coefficient, which are measures of the extent of intra-ring positive cooperativity in ATP binding (Fig. 1A) . ATP binding and hydrolysis drive GroEL rings between T and R states (9, 12, 30) . Strong intra-ring positive cooperativity in ATP binding indicates that the T state is thermodynamically favored relative to the R state. Such thermodynamic favoring may be due to a slow rate of the T 3 R transition, which, in turn, would lead to slow rates of protein release and folding. A linear correlation between the rate constants of GroEL-mediated mDHFR refolding and the rate constants of ATP-induced conformational changes in GroEL is indeed observed (Fig. 1B) , in accordance with this proposed mechanism. This linear correlation implies that the conformational transition in GroEL is a rate-determining step in the refolding reaction of mDHFR. The rate constants of the ATPinduced conformational changes in GroEL were measured in the absence of unfolded substrates. Unfolded substrates bind and stabilize the T state of GroEL rings as reflected, for example, in the increase in the value of the Hill coefficient in the presence of nonfolded ␣-lactalbumin from about 2.5 to more than 3 (12) . The presence of polypeptide substrate may, therefore, slow the rate of conformational change sufficiently to explain why it is found to control the rate of folding.
The folding of a lattice chain of single-bead residues in a confined environment was recently simulated (31) . Folding times were calculated as a function of the hydrophobic-hydrophilic cycle time of the cavity walls for three different fractions of the overall time in which the cavity walls are hydrophobic. This fraction is directly related to the allosteric equilibrium constant for the T 3 R allosteric transition and, thus, to the extent of intra-ring positive cooperativity. In the case of cycling times that are comparable to the folding times of the lattice protein, an inverse correlation was found between the folding rate and the fraction of time in which the cavity walls are hydrophobic. This result from simulations is in good agreement with the experimental results shown in Fig. 1 .
Effects of Inter-Ring Negative Cooperativity on the Rate of Refolding.
An excellent linear relationship with a negative slope is observed between the logarithm of the rate of folding of mDHFR, in the absence of GroES, and the extent of inter-ring negative cooperativity [log(L 1 ͞L 2 )], with respect to ATP (Fig. 2) . Owing to inter-ring negative cooperativity, ATP binding to a polypeptide substrate-bound ring will be inhibited by the binding of ATP to the other ring. ATP-dependent substrate release and folding are, therefore, expected to be slower in the case of strong inter-ring negative cooperativity, as indeed found in this study (Fig. 2) . Addition of GroES is found to have two effects on the folding of mDHFR. These effects are not observed if GroES is added in the absence of ATP (data not shown). First, folding of mDHFR is accelerated, probably because binding of GroES to one ring reduces the affinity of the opposite ring for polypeptide substrates (17, 24) , thereby facilitating substrate release. Second, a linear relationship between the logarithm of the folding rate of mDHFR and the extent of inter-ring negative cooperativity is observed but with a positive slope (Fig. 2) . Owing to inter-ring negative cooperativity, binding of ATP and GroES to a polypeptide substrate-bound ring will be inhibited by binding of ATP to the other ring. Folding of mDHFR may, thus, be faster in the case of strong inter-ring negative cooperativity because of the lower probability for trapping the polypeptide substrate in a cis ternary complex underneath GroES.
The above explanation for the effect of inter-ring negative cooperativity on the rate of folding of mDHFR relies on the fact that folding of this substrate, under the conditions examined in this study, does not require GroES. Two predictions follow from this explanation. One prediction is that the effect of inter-ring negative cooperativity on formation of cis ternary complexes, and thus on the rate of folding, may be overcome by increasing the concentration of GroES. It may be seen in Fig. 2 that a two-fold increase in the concentration of GroES does indeed reduce the effect of inter-ring negative cooperativity on the rate of folding. A further increase in the concentration of GroES may, however, accelerate folding by preventing cis complex formation. A second prediction is that the rate of folding of a GroESdependent substrate will decrease (or change very little) with increasing inter-ring negative cooperativity. This prediction is based on the assumption that the overall rate of encapsulation decreases with increasing inter-ring negative cooperativity. It may be seen in Fig. 3 that the rate of folding of mitochondrial MDH, a GroES-dependent substrate (19) , depends only very weakly on the extent of inter-ring negative cooperativity, both in the presence and in the absence of GroES. This finding suggests that, in the case of the GroEL mutants studied, the rate of encapsulation is fast relative to the folding rate of mitochondrial MDH.
The linear fits for the data of the logarithm of the rate of mDHFR folding as a function of the extent of negative cooperativity, in the presence and in the absence of GroES, intersect at a value of log(L 1 ͞L 2 ) Ϸ 0 (Fig. 2) . In other words, the presence of GroES (at 1:1 or 2:1 molar ratio with respect to GroEL) does not affect the rate of folding of mDHFR when negative cooperativity is absent. This conclusion is further confirmed by the finding that the rates of mDHFR folding mediated by the GroEL mutant Arg-13 3 Gly, Ala-126 3 Val, in which inter-ring negative cooperativity with respect to ATP is absent (22) , are similar in the presence and in the absence of GroES and coincide with the point of intersection. In the case of a GroES-dependent substrate such as mitochondrial MDH, the rate of folding is affected by GroES even if negative cooperativity is absent.
Conclusions. The rate constant of GroEL-mediated mDHFR refolding is found in this study to be lower when the value of the Hill coefficient, which measures the extent of intra-ring positive cooperativity in ATP binding, is higher. The reason for this result is probably a slow rate of the T 3 R transition in the case of strong intra-ring positive cooperativity, which, in turn, leads to a slow rate of protein release and folding. This finding may explain why the value of the Hill coefficient for ATP binding by wild-type GroEL, with respect to ATP, is only about 2.5 (7, 11), which is relatively low for a heptamer. Similar values have been found for hemoglobin (32) and yeast glyceraldehyde-3-phosphate dehydrogenase (33), although they are tetramers. It is likely that the value of the Hill coefficient for ATP binding by wild-type GroEL reflects evolutionary optimization of both the rate of folding, which has pushed its value down, and the equilibrium distribution between polypeptide substrate acceptor (T) and release (R) states, which has pushed its value up. The relative extent of intra-ring positive cooperativity in ATP binding, with respect to ATP, in each of the two rings of GroEL determines the extent of negative cooperativity between rings. Inter-ring negative cooperativity in ATP binding by GroEL is found to affect the kinetic partitioning of mDHFR between folding in solution and folding in the cavity underneath GroES. In the absence of inter-ring negative cooperativity, GroES does not affect the folding rate of mDHFR. In contrast, the GroESdependent folding rate of mitochondrial MDH is found to be almost independent of the extent of inter-ring negative cooperativity. Optimization of the allosteric properties of GroEL must, therefore, also reflect the cell's need to handle a wide range of substrates with different folding rates, propensities to aggregate, and affinities for GroEL's T state. One intriguing question that remains open is whether the allosteric properties of GroEL are also related to the cooperativity in protein folding. 
